Epidemiological data show that osteoarthritis (OA) is significantly associated with lower birth weight, and that OA may be a type of fetaloriginated adult disease. The present study aimed to investigate the prenatal food-restriction (PFR) effect on the quality of articular cartilage in female offspring to explore the underlying mechanisms of fetal-originated OA. Maternal rats were fed a restricted diet from gestational day (GD) 11 to 20 to induce intra-uterine growth retardation. Female fetuses and female adult offspring fed a post-weaning high-fat diet were killed at GD20 and postnatal week 24, respectively. Serum and knee cartilage samples from fetuses and adult female offspring were collected and examined for cholesterol metabolism and histology. Fetal serum corticosterone and insulin-like growth factor-1 (IGF-1) in the PFR group were lower than those of the control, but the serum cholesterol level was not changed. The lower expression of IGF-1 in the PFR group lasted into adulthood. The expression of extracellular matrix (ECM) genes, including type II collagen, aggrecan and cholesterol efflux genes including liver X receptor, were significantly induced, but the ATP-binding-cassette transporter A1 was unchanged. PFR could induce a reduction in ECM synthesis and impaired cholesterol efflux in female offspring, and eventually led to poor quality of articular cartilage and OA.
Dysplasia of fetal cartilage will affect the quality of cartilage after birth and result in a predisposition to osteoarthritis (OA) or premature cartilage degeneration (1, 2) . Therefore, more and more attention has been drawn to the correlations between OA and factors of nutrition and environment in the critical early development period.
Epidemiological data show that OA is significantly associated with lower birth weight (3, 4) , and that OA may be a type of fetaloriginated adult disease (5) . Other investigations have indicated that offspring with intra-uterine growth retardation (IUGR) have an enhanced susceptibility to the metabolic syndrome (MS), including dyslipidaemia and coronary arterial atherosclerosis (6, 7) . IUGR is defined as a birth weight and/or length below the 10th percentile for gestational age and an abdominal circumference below the 2·5th percentile with pathological restriction of fetal growth (8) . The correlation between the MS and OA has been highlighted in the aetiological study of OA, and many researchers' opinions about OA is that it is characterised as a metabolic disorder (9) . OA has a close relation to CVD and serum cholesterol levels (10) (11) (12) (13) (14) . Therefore, IUGR in offspring increases the risk of adult MS; specifically, hyperlipidaemia may affect the quality of cartilage. The intra-uterine programmed alteration is defined as an environmental factor operating early in life that potently affects the developing system, permanently altering its structure and function for life (15) (16) (17) (18) . It is widely accepted that IUGR's original programmed metabolic dysfunctions and susceptibility to MS are induced by overexposure to maternal glucocorticoids (GC) in the fetus (19) . Our previous study found that adverse exogenous environments during pregnancy may lead to fetal overexposure to exogenous and maternal GC by affecting the placental barrier and sequentially suppressing the fetal hypothalamic-pituitary-adrenal (HPA) axis and may result in Abbreviations: ABCA1, ATP-binding-cassette transporter A1; Col2a1, collagen type II α1; GC, glucocorticoids; GD, gestational day; HFD, high-fat diet; IGF-1, insulin-like growth factor-1; IUGR, intra-uterine growth retardation; LXR, liver X receptor; MS, metabolic syndrome; OA, osteoarthritis; PFR, prenatal foodrestriction.
growth retardation (20) (21) (22) (23) . We also confirmed that prenatal food-restriction (PFR) can induce lower birth weight and altered glucose/lipid metabolism by the programmed alteration of the HPA axis-associated neuroendocrine metabolism (24) . Therefore, IUGR in offspring increases the risk of adult hyperlipidaemia and may be responsible for the IUGR-induced poor quality of articular cartilage.
Insulin-like growth factor-1 (IGF-1) is an important factor for the development of the fetal skeletal muscle system, especially in cartilage growth regulation (25) . IGF-1 can promote individual growth and development by regulating cell proliferation and apoptosis through the phosphorylation of mitogen-activated protein kinase (MEK) and extracellular regulated kinase (ERK); it can also promote the synthesis of cartilage matrix collagen type II α1 (Col2a1) and proteoglycan through phosphorylation of phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) (26, 27) . During fetal development, IGF-1 in articular cartilage is mainly obtained from the fetal liver (28) . Cartilage can gradually build paracrine and autocrine functions of IGF-1 in the late development stage (29) . IGF-1 is regulated by various cytokines and hormones; GC plays an important role in the regulation of synthesis and secretion of IGF-1 during the embryonic period. High levels of GC could inhibit bone and cartilage physiological function by inhibiting IGF-1 secretion (30, 31) . Therefore, we propose that GC may induce cartilage dysplasia and its low function in IUGR by inhibiting fetal chondrocyte proliferation and by down-regulating the IGF-1 signalling pathway.
Intracellular cholesterol in peripheral tissues is mainly converted by ATP-binding-cassette transporter A1 (ABCA1) to ApoA1, a form of HDL-cholesterol released into the blood and transferred to the liver. This process is mediated by transcriptional factor PPAR and liver X receptor (LXR) (32) . Similar to atherosclerosis, inhibition of the cholesterol efflux system in OA patients' chondrocytes, characterised as lower LXR expression, leads to cellular cholesterol accumulation in cells (9) . Therefore, hypercholesteraemia and the cholesterol efflux dysfunction in offspring with IUGR may be responsible for the poor quality of articular cartilage in adults.
Under conditions of postnatal over-nutrition, offspring with IUGR usually exhibited rapid catch-up growth, directly shown as children's rapid growth and development, such as a body weight growth rate significantly higher than that of normal children, which increased susceptibility to aggravated glucose and lipid metabolic disorders, leading to an increased susceptibility to adult MS (33) . An adverse intra-uterine environment will result in increased sensitivity of the peripheral tissues to metabolic hormones (e.g. GC) in offspring; this latter condition enhances survival and maximises growth and fuel deposition as the nutritional pattern improves after birth. If postnatal nutrient availability is greater than that predicted prenatally, enhanced postnatal growth and fat deposition will occur (34) . In order to simulate a nutrient-rich environment, the offspring with IUGR were fed a post-weaning high-fat diet (HFD) to magnify PFR-induced adult dyslipidaemia and help investigate the correlation between IUGR and chondrogenesis retardation.
The prevalence of OA was substantially higher in women than in men (35, 36) . Moreover, other studies and our results indicated that female rat offspring with IUGR were more susceptible to diet-induced dyslipidaemia (37) (38) (39) . Therefore, we chose female rats as the research subjects in this study. In the present study, we used a PFR-induced IUGR model in female rats to explore the effect of a poor environment in utero on cartilage development, and tried to clarify the correlation between dyslipidaemia and poor cartilage quality in offspring with IUGR using a post-weaning HFD.
Methods

Materials
Isoflurane was purchased from Baxter Healthcare Co. Rat corticosterone (CORT) ELISA kits were obtained from Assaypro LLC. Rat IGF-1 ELISA kits were purchased from RD Systems Inc. Total cholesterol (TCH), LDL-cholesterol and HDL-cholesterol assay kits were purchased from Sangon Biotech Co. Ltd. Reverse transcription kits were purchased from TaKaRa Biotechnology Co. Ltd. GeXP multiplex gene expression analysis kits were purchased from Beckman Coulter Inc. The oligonucleotide primers for rat GeXP multiplex gene expression analysis (HPLC purification) were synthesised by Sangon Biotech Co. Ltd. Polyclonal antibodies for Col2a1, IGF-1, LXR and ABCA1 were obtained from Santa Cruz Biotechnology Inc. Other chemicals and agents used were of analytical grade.
Animals and treatment
The animal experiments were performed at the Center for Animal Experiment of Wuhan University (Wuhan, China), which has been accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All animal experimental procedures were approved by the Chinese Animal Welfare Committee and performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of the Chinese Animal Welfare Committee.
Specific pathogen-free Wistar rats (females weighing 200-240 g and males weighing 260-300 g) were obtained from the Experimental Center of Hubei Medical Scientific Academy (no. 2009-0004, Hubei, China). Animals were housed (room temperature: 18-22°C; humidity: 40-60 %), acclimated and mated. Upon confirmation of mating by the appearance of sperms in a vaginal smear, the day was considered as gestational day (GD) 0. Pregnant females were then transferred into individual cages. Pregnant rats were randomly divided into a control group and a food-restriction group. At study start, the food-restriction group was fed a restricted diet (50 % of the daily food intake of the control rats) from GD11 until term delivery (GD20) (19) . The control group was allowed normal food ad libitum. On GD20, eight randomly selected pregnant rats from each group were anaesthetised with isoflurane and euthanised. Female fetuses were quickly removed and weighed; the litter size of each pregnant rat was set to ten to fourteen live fetuses. Female fetal blood and serum samples were collected. Female fetal bilateral tibial knee cartilage and right femoral knee cartilage were separated under a dissection microscope and collected. The samples collected from each littermate were pooled together and immediately frozen in liquid N 2 , followed by storage at −80°C for subsequent analyses. Fetal left femoral knee cartilage was randomly selected (one per litter) and fixed in phosphate-buffered 4 % paraformaldehyde solution for 24 h before being decalcified in EDTA, dehydrated in alcohol and embedded in paraffin.
The other pregnant rats (eight for each group) were maintained until normal delivery on GD21. On postnatal day 1, female pups were normalised into eight pups per litter to assure adequate and standardised nutrition until weaning (postnatal week 4, PW4). After weaning, the female pups were randomly selected and assigned into two groups: a control group and a PFR group. All pups were weaned to an ad libitum HFD before being killed on PW24. The HFD was previously reported by our laboratory (24) and provided 18·9 % of its energy content as protein, 61·7 % as carbohydrate and 19·4 % as fat. The body weights of the rat offspring were measured weekly. At PW24, the offspring were anaesthetised with isoflurane and decapitated in a room separate from that in which the other animals were maintained. Serum was prepared and stored at −80°C until further analysis. The left femoral knee cartilage was dissected and fixed in 4 % paraformaldehyde solution for 24 h and decalcified in 10 % EDTA for 21 d for histological examination.
Histological measurement and immunohistochemical assays
For histological analysis, sections of fetal and adult femoral cartilage were stained with safranin O. Femoral knee cartilage sections of adult offspring were also stained with toluidine blue (TB). The sections were observed and photographed using a Nikon ECLIPSE-Ci light microscope (Nikon). Cartilage damage was scored according to modified Mankin's score as reported by Henson (40, 41) . Cartilage cell number, matrix structure, matrix staining and tidemark were graded on the basis of four parts of the cartilage: the superficial layer, the transitional zone, the radial zone and the tidemark zone of calcified cartilage.
Immunohistochemical assays were performed to determine the expression levels of IGF-1, Col2a1, LXR and ABCA1 proteins. Femoral knee cartilage was fixed in 10 % formaldehyde for 24 h, after which staining for IGF-1, Col2a1, LXR and ABCA1 was performed using the immunohistochemical streptavidin-biotin-peroxidase complex method with polyclonal antibodies against IGF-1, Col2a1, LXR and ABCA1 (diluted 1:200), with normal saline as the negative control. Positive expression was determined by the presence of brown granules. All images were captured using a Nikon ECLIPSE-Ci Light Microscope. Analysis of the stained images was conducted using NIS-Elements BR, Nikon (version 4.2). The intensity of staining was determined by measuring the integral optical density (IOD) in ten different fields for each section. The average IOD for each sample was calculated from three sections. In adult sections, the region of interest (ROI) was the stained cartilage. In fetal sections, the ROI was the stained epiphysis (the rounded end of the long bone) of the femur.
Multiplex gene expression analysis
The gene expression profile of fetal femoral knee cartilage was detected by multiplex gene expression analysis, which was performed in our previous study (42) . The list of genes and primer pairs are given in Table 1 . Relative RNA expression levels were normalised to glyceraldehyde 3-phosphate dehydrogenase, β-actin and tubulin expression levels.
Analysis for blood samples
Serum CORT and IGF-1 concentrations were detected using ELISA kits. TCH, LDL-cholesterol and HDL-cholesterol concentrations were detected using biochemical assay kits.
Statistical analysis
SPSS 17 (SPSS Science Inc.) was used for data analysis. Quantitative data were expressed as means with their standard errors and were evaluated using Student's two-tailed 
Results
Body weights in fetuses and offspring
At GD20, fetal weights in the PFR group were significantly lower compared with the control group (P < 0·01, Fig. 1(a) ); body weights of female offspring in the PFR group were dramatically lower compared with the control group at the 1st, 4th, 8th and 12th weeks. However, in the 20th and 24th weeks, there were no significant differences between the two groups (P < 0·01, Fig. 1(a) ). As seen in Fig. 1(b) , the body weight increase ratio in the PFR group was higher compared with controls, especially at the 20th and 24th weeks (P < 0·01). These results suggest that the IUGR and catch-up growth rat model induced by PFR was successfully established.
Pathological change of articular cartilage in fetuses and adult offspring
Examination of female fetal femoral knee cartilage ( Fig. 2(a) ) showed that the chondrocytes were scrambled in the PFR group. The fetal rats' articular cartilage matrix safranin O staining was shallow; optical density analysis for safranin O staining showed that PFR significantly decreased fetal rat articular cartilage matrix glycosaminoglycans levels ( Fig. 2(b) ). After safranin O staining examination of adult female offspring femoral knee cartilage, there were smooth surfaces and clear structures in the control group, and there were abundant chondrocytes with no clustering in the superficial layer or loss. Compared with the control group, the femoral cartilage matrix structure was disorganised with little cellular proliferation, and the tidemarks were disrupted in the PFR group (Fig. 2(c) ). After TB staining, the articular cartilage had even dying and neat layers in the control group, whereas the cartilage of the PFR group stained lightly and unevenly (Fig. 2(c) ). The modified Mankin's score of the PFR group was significantly lower (P < 0·01, Fig. 2(d) ). The components of the modified Mankin's score showed that alteration was concentrated in the matrix staining, indicating that cartilage degradation of the PFR group may be the loss of the cartilage matrix.
Gene and protein expression levels of articular cartilage in fetuses and adult offspring IGF-1 signalling pathway-related and cholesterol efflux-related gene expressions of female fetal femoral knee cartilage were detected using multiplex gene expression analysis (Fig. 3(a) ). The detection of mRNA expression in the control and PFR groups showed that the IGF-1 signalling pathway (except IGF-1R) and cartilage functional proteins Col2a1 and aggrecan had a declining trend, although there was no statistical difference. Regarding cholesterol-related mRNA expression, LDL receptor was lower and PPARγ had no change; the key gene of cholesterol efflux pathways, LXR, was lower significantly, although the other gene ABCA1 was higher than that of the control group. Compared with the control group, the IGF-1 and Col2a1 protein expression levels of fetal articular cartilage in the PFR group were significantly decreased in the immunohistochemical assay (P < 0·05). The changes of protein expression were coincident with mRNA expression.
In adult rat offspring, the IGF-1 protein level in PFR females' articular cartilage was significantly lower than that of the control group (P < 0·05); the Col2a1 protein level in the PFR group was also low (P < 0·05). The LXR protein expression of articular cartilage in the PFR group was significantly lower than that of the control group (P < 0·01). The protein level of ABCA1 in female offspring's cartilage showed no statistical difference between the two groups (Figs 3 and 4) .
Serum corticosterone, insulin-like growth factor-1 and cholesterol levels in fetuses and adult offspring
In fetal rats, PFR increased fetal serum CORT levels (P < 0·01) and decreased fetal serum IGF-1 levels significantly (P < 0·05, Fig. 5(a) ). There was no statistical difference in fetal serum levels of TCH, LDL-cholesterol and HDL-cholesterol between the two groups.
Serum CORT levels in PFR female offspring was significantly higher than that of the control group (P < 0·05, Fig. 5(b) ). HFD increased serum IGF-1 levels in PFR female offspring (P < 0·05, Fig. 5(b) ). Serum TCH and LDL-cholesterol concentrations were decreased in PFR female offspring fed HFD (P < 0·01, Fig. 5(b) ), and there was no significant difference in serum HDLcholesterol concentration between the two groups. 
Discussion
Prenatal food-restriction-induced intra-uterine growth retardation offspring cartilage dysplasia led to low quality in adults
The articular cartilage consists of chondrocytes and an extracellular matrix (ECM) (43) . The ECM is mainly composed of Col2a1 and aggrecan. Col2a1 forms a dense, cross-linked network and primarily contributes to the tensile and shear properties of the tissue. Aggrecan consists of numerous carboxyl and sulphate groups that become negatively charged when dissolved in interstitial fluid. The presence of these charges gives rise to repulsive forces and osmotic gradients so that a swelling pressure exists within the tissue. The loss of Col2a1 and aggrecan is also a major hallmark and may significantly promote the occurrence and development of the pathological changes of OA (44) . In the present study, we found that PFR may result in reduction of safranin O staining in offspring with IUGR. Safranin O staining and TB staining were uneven and significantly reduced in adult rat offspring fed HFD; the Mankin's score further confirms these changes. These results show that PFR could result in a reduction of aggrecan both in fetuses and in adults. Meanwhile, the Col2a1 immunohistochemical staining was significantly lower in the PFR group compared with controls both in fetuses and in adults. Although the Mankin's score analyses showed that the pathological changes of articular cartilage in the PFR group did not meet OA criteria -the quality of articular cartilage was obviously poorer than that of the controls. Therefore, we can conclude that PFR could result in a reduction of Col2a1 and aggrecan, and that these influences were intra-uterine programming alterations and may be lifelong. The poor cartilage quality of the PFR rat tends to get worse under post-weaning HFD, enhancing the susceptibility to OA.
The poor quality of cartilage in prenatal food-restriction adult offspring fed an high-fat diet was associated with low-functionally programmed insulin-like growth factor-1 pathway and cholesterol efflux
In the present study, we found that PFR significantly decreased serum IGF-1 levels; meanwhile both mRNA and protein expressions of IGF-1 in the PFR fetal cartilage were significantly reduced, and its downstream gene MEK1 was decreased remarkably, which may inhibit chondrocyte proliferation. The expression levels of PI3K and AKT-1 in the PFR-induced offspring with IUGR were still lower in articular cartilage. The mRNA expression levels of Col2a1 and aggrecan, which are the target genes of the IGF-1 signalling pathway, were significantly reduced. Immunohistochemistry analysis also confirmed that the protein expression of Col2a1 in the PFR group was significantly reduced when compared with the control group.
Under conditions of postnatal over-nutrition, offspring with IUGR usually exhibited rapid catch-up growth, directly shown as children's rapid growth and development, which increased susceptibility to adult MS, including obesity, insulin resistance, dyslipidaemia and so on (33, 45) . Increased IGF-1 from the liver plays an important role in postnatal catch-up growth (46) . We reached similar conclusions that the growth rate in PFR adult offspring showed a significant increase and a significantly increased serum IGF-1 level. However, the articular cartilage is less affected by serum IGF-1, because adult articular cartilage is a vascular tissue, and the function of chondrocyte autocrine IGF-1 is still at a low functional level. These changes ultimately resulted in a persistent low expression of Col2a1 and further led to inadequate ECM and poor-quality cartilage.
The pathological basis of dyslipidaemia leading to OA is the accumulation of lipids in chondrocytes. Tsezou et al. (47) reported that lipid specifically accumulates in the superficial area of OA cartilage, and reduced expressions of LXRα/β and ApoA1 have been found in human OA cartilage. Collins-Racie et al. (48) reached a similar result, that the expression of LXR was significantly lower in OA cartilage. In addition, Tsezou found that treatment of osteoarthritic chondrocytes with the LXR agonist TO-901317 significantly increased ApoA1 and ABCA1 expression levels, and cholesterol efflux decreased lipid deposits within osteoarthritic chondrocytes (48) . Therefore, LXR is an important mediator of cholesterol efflux in chondrocytes. In the present study, the results showed that LXR mRNA expression was decreased in PFR females' fetal articular cartilage, and that protein expression was still decreased in adult female PFR offspring. These results showed that PFR can affect the expression of LXR and further lead to the inhibition of cholesterol efflux and cartilage lesions. ABCA1 is regulated by the LXR gene; ABCA1 expression in the fetal cartilage was contrarily elevated because the fetal cholesterol metabolism may still have been in the normal or compensatory period. In adult female cartilage, the expression of ABCA1 was not changed because cartilage lesions were still well below OA levels. Meanwhile, the postnatal PFR female offspring fed HFD showed elevated serum TAG and LDL-cholesterol concentrations, which may enhance the accumulation of cholesterol in cartilage, further reducing cartilage quality and increasing the susceptibility to OA.
Overexposure to maternal glucocorticoids results in the inhibition of the insulin-like growth factor-1 signalling pathway and cholesterol efflux in the offspring's cartilage GC is a vital metabolic hormone regulating intra-uterine fetal growth and development (49) . The GC in the fetus mainly comes from the mother rats, through the placenta to the fetus; physiologically, the placental barrier builds and maintains a GC concentration gradient (approximately 10-fold) between mother and fetus during pregnancy. Intra-uterine malnutrition may lead to fetal overexposure to maternal GC and induce dysfunction of the HPA axis by affecting the placental barrier (50) . In our previous study, we demonstrated that the effect of maternal food restriction on fetuses may be lifelong, which manifests as lower basal activity but enhanced sensitivity of the HPA axis to chronic stress, altering glucose and lipid metabolism (19) . It has been reported that GC could inhibit the IGF-1 signalling pathway expression in fetal epiphyseal chondrocytes (51) . In the present study, the PFR offspring exhibited an increased serum GC, and the elevated fetal serum GC may inhibit the function of the liver's IGF-1 secretion and decrease IGF-1 levels in the serum; meanwhile, the elevated fetal serum GC could also inhibit the autocrine function of IGF-1 in cartilage (52) . PFR may lead to fetal overexposure to maternal GC, and the elevated serum GC may inhibit both the liver's and the cartilage's IGF-1 secretion, and this makes the endocrine and autocrine IGF-1 insufficient, ultimately leading to a reduced expression of the IGF-1 signalling pathway in the cartilage of PFR fetuses. Interestingly, the expression of IGF-1 was still decreased in the PFR adult offspring fed HFD. The consistent alteration in utero and adulthood revealed that articular cartilage IGF-1 pathway of IUGR fetuses by PFR may be low-functionally programmed caused by overexposure to maternal GC, which may finally result in inadequate EMC and poor-quality cartilage. This has revealed the mechanism of poor cartilage quality in PFR rats.
The role of maternal nutrition, especially maternal undernutrition, in the sensitivity of adults to disease remains unclear, but it is clear that GC plays a key role in this process (18, 53, 54) . Accumulating evidence has demonstrated that intra-uterine malnutrition may have long-term consequences on endocrine and metabolic function, which is mainly displayed by elevated serum cholesterol and LDL-cholesterol concentrations; male offspring showed an obvious increase in serum cholesterol levels (16, 55, 56) . Our results are consistent with the above conclusions -the abnormal expression of LXR in the cartilage of PFR offspring is relative to the GC/GR modulation (57) , but the exact mechanism calls for further study.
Conclusions
The present study demonstrated that PFR induces low quality of articular cartilage in adult female offspring fed HFD. Its underlying mechanisms may be associated with PFR-induced fetal overexposure to maternal GC and may further inhibit the cartilage's IGF-1 signalling pathway, ultimately leading to articular cartilage dysplasia; the intra-uterine low functional programming of the IGF-1 signalling pathway can persist to adulthood and eventually lead to a poor quality of articular cartilage in offspring, thus increasing their susceptibility to OA. In addition, the PFR could induce the suppression of the cholesterol efflux pathway by low-functionally programmed LXR and lead to dyslipidaemia and increased blood cholesterol. This is also one of the mechanisms of PFR, inducing low quality of articular cartilage in adult female offspring.
